Background Numerous studies point to a positive relationship between elevated levels of estrogens and increased risk of breast. Androgens are converted to estrogens by the aromatase enzyme, which is encoded by the CYP19 gene. We recently published resequencing data on 88 polymorphisms identified in that gene. The hypothesis tested in this study was that polymorphisms, or haplotypes, in CYP19 are related to risk of breast cancer. Methods Incident cases of breast cancer were identified through the Division of Medical Oncology at the Mayo Clinic in Rochester, MN. Controls were patients visiting Mayo for an annual medical examination. Controls were frequency matched to cases based on age and region of residence. Tag-polymorphisms were selected using 2 methods: (1) 12 variants using the tagselection method of Carlson et al. (Am J Hum Genet 74:106-120, 2004); and (2) 12 variants using the haplotype method of Stram (Genet Epidemiol 27:365-374, 2004). Six SNPs were selected by both methods. Genotyping was conducted using SNPStream, TaqMan and RFLP analyses. Logistic regression was used to calculate odds ratios (OR) and 95% confidence intervals (CI). Analyses were conducted among all cases and controls, or stratified by estrogen receptor alpha (ER) status and/or menopausal status. Results A total of 750 cases (60% postmenopausal) and 732 controls (75% postmenopausal) were included. No association with breast cancer risk was detected for individual variants, selected tagSNPs or hap-tag SNPs despite 80% power to detect OR as low as 1.49 for minor allele frequency (MAF) of 0.10. Similarly, stratified analyses based on ER status or menopausal status failed to detect any association with breast cancer risk. Conclusion These analyses suggest that variants of CYP19 are not associated with risk of breast cancer.
Introduction
There is strong evidence for a relationship between estrogens and breast cancer [1, 2] . Many studies have found that elevated levels of estrogens are associated with increase risk of breast cancer [1] . Obesity, which is associated with higher levels of estrogen in postmenopausal women, has been consistently linked with increased risk of postmenopausal breast cancer [3] . Early menarche, late first full-term pregnancy, and late menopause, which are all associated with higher lifetime exposures to estrogens, have also been consistently reported to increase risk for breast cancer [2, 4, 5] . The ovaries are the primary source of estrogens in the premenopausal woman whereas in postmenopausal women estrogens arise from the conversion of androgens to estrogens in peripheral tissues including skin, fat, muscle, etc by the aromatase enzyme, which is encoded by the CYP19 gene. The importance of the aromatase enzyme is illustrated by the importance of aromatase inhibitors in clinical practice for treatment of postmenopausal women with estrogen receptor positive (ER+) advanced breast cancer [6] and early stage disease [7] .
Although there is an indisputable relationship between estrogens and breast cancer, the pathophysiological mechanism(s) is unclear. Estrogens have been thought to exert their carcinogenic actions through interaction with the estrogen receptor (ER). A complementary mechanism has been proposed in which estrogens can be metabolized to genotoxic metabolites that interact with DNA to form depurinating adducts and cause apurinic sites in DNA that are subject to error-prone repair resulting in mutations [8, 9] .
Epidemiological studies of common CYP19 polymorphisms have generated inconsistent results in regard to the possible association with risk for breast cancer. The first reports focused on a polymorphic tetranucleotide repeat (TTTA) n in intron 4. Initially, a 2.4-fold elevated risk of breast cancer in individuals carrying the longest repeat (TTTA) 12 compared to those carrying the other repeats (P < 0.05) was observed [10] . Subsequent studies have reported increased risk associated with the (TTTA) 10 allele [11] [12] [13] , the (TTTA) 8 allele [13] , and the (TTTA) 7 allele [14] . However, two nested case-control studies from large cohorts reported no association of the (TTTA) n variation with breast cancer risk [15, 16] . Complicating interpretation of these findings is the lack of consistency in the number of repeats comprising the referent (low risk) allele. This fact, and its location within an intron, suggest that any association with risk of breast cancer would likely be due to linkage disequalibrium to another causal variant in the vicinity.
Other variations in CYP19 have also been examined with regard to possible risk of breast cancer. A C to T substitution in the 3¢ untranslated region (UTR) of exon 10 of the CYP19 gene (rs10046) was detected twice as commonly in 481 cases as in 236 controls (OR 2.00; 95% CI, 1.28-3.11) [17] . However, these findings were not confirmed in a nested study within the Nurses' Health Study [18] . Hirose et al. examined a non-synonymous coding SNP (W39R) in a case-control study of Japanese women and found no association between the SNP and risk of breast cancer (OR 1.21; 95% CI 0.69-2.14). However, homozygous and heterozygous carriers of the variant allele did show a significantly increased risk of breast cancer among premenopausal women with a late age at first full-term pregnancy (OR 7.31, 1.88-28.5) or premenopausal women with a high body mass index (BMI) (OR 2.77, 1.12-6.87). Other polymorphisms studied with relation to risk of breast cancer include a TTC deletion in intron 4 and a polymorphism at codon 264 [15] . Neither of these were associated with increased risk of breast cancer [15] .
Each of these studies examined only a portion of the total genetic variation in the CYP19 gene. We recently published a report of a systematic resequencing of all coding exons, upstream untranslated exons and core promoter regions, all exon-intron splice junctions and a portion of the 3¢-untranslated region of CYP19 [19] . A total of 88 polymorphisms were identified in the 240 samples examined, 37 of these in Caucasian samples. Here we report the results of a comprehensive analysis of the contribution of these 37 polymorphisms to the risk of breast cancer in 750 cases and 732 controls. We systematically selected representative SNPs from the gene using two methods [20, 21] to determine whether a specific method provided greater insight into the gene and disease association. The hypothesis tested in this study was that polymorphisms, or haplotypes, in the gene encoding the aromatase enzyme are associated with risk of breast cancer. This hypothesis was studied in both pre-and post-menopausal women as the tissue levels of estrogens in the breast might be expected to be influenced by aromatase irrespective of the menopausal status.
Methods

Population
The Mayo Clinic Breast Cancer Case-Control study is an on-going, unselected, clinic-based series of breast cancer cases and healthy controls. Breast cancer patients were women diagnosed within the previous 6 months with no prior history of cancer (except nonmelanoma skin cancer) who were seen in the Division of Medical Oncology between February 1, 2001 and June 2005. Controls were selected from women without a prior history of cancer (except non-melanoma skin cancer) visiting Mayo Clinic for a general medical exam in the Department of Internal Medicine. Controls were frequency matched to cases on region of residence and 5-year age group. All subjects used in this study were restricted to those with residence in the states of Iowa, Minnesota, Wisconsin, North or South Dakota, or Illinois. Cases and controls were mostly Caucasian (94% and 92%, respectively). All eligible women were asked to provide informed consent, risk factor information via a written questionnaire, and a sample of blood as a source of DNA. The questionnaire collected information on height, and weight, physical activity (moderate vs. vigorous; frequency), alcohol intake, multivitamin intake, ages of menses and menopause, use of exogenous hormones (years taken, year last taken, formulation), reproductive history, history of oophorectomy and/or hysterectomy, breast biopsy history, detailed family history, education and race/ethnicity. Education was categorized into groups of equal to, less than or greater than a high school education. Postmenopausal was defined as having no menstrual period for 12 months or having had their uterus and/or ovaries removed. Hormone replacement therapy was asked as a three-level variable: currently taking, taken in the past or never used. The composition of hormone replacement therapy was identified as estrogen alone, estrogen and Progesterone combination or unknown. Family history of cancer was reported for all first and second-degree relatives, and included information on type of cancer and age of onset. Smoking status including environmental and personal smoking history.
Laboratory methods
Selection of variants
SNPs that captured the genetic variability in the gene were selected from all variants identified through the resequencing of the gene. As reported earlier [19] , DNA samples from 60 Caucasian-American, 60 AfricanAmerican, 60 Han Chinese-American, and 60 MexicanAmerican subjects were obtained from the Coriell Cell Repository (Camden, NJ) and resequenced.
This included all upstream untranslated exons plus their core promoter regions, all exon-intron splice junctions and a portion of the 3¢-untranslated region of CYP19 [19] . Only the data from the 60 CaucasianAmerican samples were used for SNP selection for the present analyses. Two subsets of the variants that explained most of the genetic variability in the gene were selected. Parameters for the haplotype-tagging approach of Stram [21] were: 0.02 minimum minor allele frequency (MAF), a threshold of 1% for minimum haplotype frequency, and a minimum r 2 of 0.90. This resulted in 39 haplotypes. Parameters for the LD Select method of Carlson [20] were: a minimum MAF of 0.05, and 80% correlation within bins (See Table 2 ). A total of 26 loci had a MAF of 0.05 or more. Hereafter, the method of Stram will be referred to as the HT-tag method; Carlson's method will be referred to as the Linkage Disequilibrium (LD-tag) method. The variants identified through either of the tagging approaches were genotyped in the breast cancer cases and controls. The genotypes in this series of subjects provided the venue in which the desired evaluation of a potential breast cancer association with the CYP19 gene took place.
High-throughput multiplex PCR and SNP analysis
The majority of the genotyping was performed with GenomeLab SNPstream genotyping platform (Beckman Coulter) and its accompanying SNPstream software suite. The 12 pairs of primers for the multiplex PCR and single-base extension primers were designed for the specific SNPs and flanking sequences in a homogenous reaction with Web-based software provided at http://www.autoprimer.com/ (Beckman Coulter Inc. Fullerton, CA). SNPstream genotyping was done as previously described [22, 23] . In brief, the SNPs of interest were amplified in a 12-pair multiplex PCR under universal conditions ( Other genotyping
Genotyping of the repeat length polymorphisms, Intron 4 (77) (TTTA) n and the Intron 4 (27) TCT insertion/deletion were carried out using an ABI 3730 DNA sequencer and analyzed using GeneMapper software (Applied Biosystems, Foster City, CA). The Exon I.6 SNP (-77) G > A (rs4775936), was genotyped using the TaqMan methodology (Perkin-Elmer ABI Prism 7700 Sequence Detection System; Applied Biosystems, Foster City, CA). PCR were carried out in reaction volumes of 25 ll containing 50 ng DNA, 1 · TaqMan Universal PCR Master Mix (Applied Biosystems), 280 nmol/l of each primer, 6-carboxyfluorescein-labeled minor groove binder probe, and VIC-labeled minor groove binder probe. PCR conditions included an initial incubation at 50°C for 2 min, 95°C for 10 min followed by 35 cycles of 15 s at 92°C and 1 min at 60°C. Genotype analysis was performed using the ABI Prism 7700 SDS software (Applied Biosystems). The quality of the genotyping was assessed by estimation of Hardy Weinberg Equilibrium among controls. Blinded duplicates of 13 samples were included in each genotyping run. Most duplicates were concordant or discordant for only one. Exon 1.2 (-224) had two discordant duplicates and should be interpreted with caution.
Statistical analysis
Analysis of risk of breast cancer
The genotypes obtained from the study subjects were used to estimate allele frequencies. In analyses with the Intron (TTTA) n variable number of tandem repeats (VNTR), the alleles with n = 7, 9, 11, or 13 were defined as the referent category because these repeat lengths had never been previously associated with risk of breast cancer in previous scientific reports (reviewed in the Introduction).
Estimates of pair-wise linkage disequilibrium, both D-prime and r 2 , were also obtained using the data from control subjects. Following these initial evaluations of the variants, associations between each individual variant and breast cancer case-control status were performed. Single-variant analyses were performed using logistic regression, where case-control status was the response, and genotypes were modeled as having a log-additive relationship with breast cancer case status. Thus, analyses estimate the change in the odds of breast cancer associated with each additional copy of the variant allele. All models adjusted for the design variables of age and behavioral variables could confound the association between the SNPs of interest and breast cancer, we examined the independent effects of the following variables on breast cancer risk using a backward elimination selection approach: education, age at menarche, number of live births, age at first live birth, fertility problems, oral contraceptive use, menopausal status, HRT use, family history of breast or ovarian cancer in first or second-degree relatives, smoking status, and BMI. All variables associated with case-control status in the final stepwise model (P < 0.05) were considered potential confounders and included in all subsequent SNP analyses.
Overall differences in risk of breast cancer across haplotypes were assessed using a global score test of Schaid et al. [24] . After these global tests were performed, we examined individual haplotype effects. Such comparisons were performed in the spirit of Fisher's protected least significant difference test: individual associations were not considered to be statistically significant in the absence of global significance. Individual haplotype associations compared the haplotype of interest against all other haplotypes combined.
Separate models were fit for LD-tag SNPs and HTtag SNPs. Primary analyses were conducted among all cases and controls, but secondary analyses stratified by estrogen receptor alpha (ER) status, breast cancer stage, and/or menopausal status. Analyses were performed in the SAS (SAS Institute, Cary NC) and SPlus (Insightful, Seattle WA) statistical packages.
Results
The Mayo Breast Cancer Case-Control study included 750 cases overall; 591 invasive, and 159 ductal carcinoma in situ. Of these, 462 (74.6%) were estrogen receptor positive, 110 (17.8%) were estrogen receptor negative, and the remainder were missing ER status. A similar proportion (70%) were positive for the progesterone receptor (N = 429), whereas 141 (22.8%) were PR negative, and the remainder were untested for PR status. Table 1 shows demographic characteristics of cases and controls included in the analyses. Cases were slightly younger than controls (56.4 vs. 58.0; P = 0.01). Approximately 45% of the cases lived in counties in Southeastern Minnesota at the time of diagnosis. The remainder of cases resided in other counties of Minnesota (22%), Iowa (18%), Wisconsin (11%), or the Dakotas/Illinois (3%) at the time of diagnosis. Similar proportions of controls were from the same regions. More controls (N = 331, 46.8%) than cases (N = 285, 38.5%) reported being ''highly'' physically active in the past year, P < 0.01. Cases had a higher BMI, a younger age at menarche, older age at menopause, and a stronger family history of cancer than controls. The majority of cases (N = 454, 63.2%) were postmenopausal at the time of accrual into the study. Seventythree percent of the controls were past menopause at the time of accrual. The participation rate among cases was 75% and 72% among controls.
Twelve LD bins or groups of SNPs correlated by LD were estimated by the LD-tag method of Carlson [20] , with a minimum MAF of 0.05 and 80% correlation within bins (Table 2) . Similarly, 12 variants were selected based upon the HT-tag method of Stram [21] with a threshold MAF of 0.02 and a minimum haplotype frequency of 0.01 and a minimum r 2 for predicting haplotypes of 90%. Six SNPs were common across the two methods. In addition, two non-synonymous cSNPs were also genotyped: W39R and R264C. T201M was selected as a tagging SNP in the LD-tag method. Table 3 displays the odds ratios (OR's) for the association between each CYP19 variant and breast cancer after adjustment for age and region of residence only or adjustment for all significant risk factors in a multivariate model. None of the variants were associated with elevated risk of breast cancer. The non-synonymous cSNPs (W39R, R264C and T201M) were also not associated with risk of breast cancer. Based upon the hypothesis that risk of breast cancer often varies by menopausal status, we examined the association between the SNPs and breast cancer when stratifying cases and controls by menopausal status or by whether tumors were estrogen receptor alpha positive. No changes in estimates of disease risk were observed (data not shown). In other analyses, cases were limited to only invasive breast cancer and the analyses repeated. Again, the results were unchanged (data not shown).
The variants selected by the Stram [21] method were designed to ''tag'' or represent variants with which there was 90% or greater correlation. Similarly, tagSNPs chosen by the LD-tag method of Carlson [20] were representative of SNPs with 80% correlation by LD in LD bins (Table 2 ). Thus we expected that the HT-tag selected variants would be correlated to each other by less than 80%, and the variants selected by Carlson's LD-tag method would be correlated to one another by less than 80%. However, the figures show that more than the expected correlation was evident between some of the variants. Therefore, we conducted haplotype-based analyses, stratified by the selection method (LD-tag vs. HT-tag). Tables 4 and 5 contain the analyses of estimated CYP19 haplotypes in cases and their controls. Seventeen haplotypes were detected among subjects when examining the variants selected with the HT-tag method of Stram [21] with a haplotype frequency of 0.02 or greater. Twelve haplotypes meeting the same criteria existed in subjects when analyzing variants selected with the Table 5 , Haplotype #1) was significantly associated with increased risk of breast cancer when compared to all other haplotypes combined, (Stram HT-tag, P = 0.049; Carlson LD-tag P = 0.014). However, the whole gene tests of association between haplotypes and breast cancer status was not statistically significant in either analyses (P = 0.36, P = 0.10, respectively). When cases were restricted to only those with ER+ tumors, the LD-tag approach of Carlson yielded a marginally significant global gene test, P = 0.051. Two haplotypes (identical to haplotypes #1 and #12 in Table 5 ) were individually associated with risk of breast cancer. Haplotype #1 was associated with decreased risk of breast cancer (P = 0.033), and haplotype #12 was associated with increased risk of breast cancer (P = 0.044). These two haplotypes differ by only one SNP in the 5¢ flanking region of exon 1.1 (-588), which was itself not associated with risk in the single SNP analyses. Therefore the importance of such an association is unclear. Similar analyses were conducted in postmenopausal women and premenopausal women (data not shown). None of the global tests for these sets of analyses reached statistical significance.
Four non-synonymous coding SNPs were identified in our earlier resequencing [19] . One of these, M364T, is extremely rare and has been reported only in Asian populations. Therefore, it was not genotyped in our study. The W39R was genotyped, but only one individual carried a variant allele. The frequencies of the T201M and R264C non-synonymous cSNPs were 0.03 and 0.03 in cases and 0.03 and 0.04 in controls, respectively. In haplotype analyses of these two cSNPs, no individuals carried a copy of both variants. 
Power considerations
The total sample size consisted of a total of 750 breast cancer cases and 732 controls. This sample size provided power to detect significant associations of reasonably small size, especially for allele frequencies Results adjust for the effects of age, region of residence at entry into study, age at menarche, menopause status, education, and activity, family history of breast and/or ovarian cancer, and alcohol intake. Selection parameters: 0.02 minor allele frequency, 1% minimum haplotype frequency, and a minimum r These alleles are those never reported in the scientific literature to be associated with risk of breast cancer (TTTA) n , n = 7, 9, 11, or 13 above 0.10. Using the power formulae developed for the Armitage test for trend [25] , we computed the minimum odds ratio that would be detected with 80% power with a type I error rate of 5% with a Bonferroni correction for multiple testing. We had at least 80% power to detect OR of 1.5 or higher for allele frequencies of 10% or greater. For the maximum observed allele frequency (44%), we had power to detect OR of 1.3 or greater and for the minimum observed allele frequency (0.02), we had power to detect OR of 2.14 or larger (See Table 6 ).
Discussion
The aromatase enzyme, coded by the CYP19 gene, is vitally important for normal hormone function. Previous reports of the relationship of CYP19 variants and risk of breast cancer have not been comprehensive and have not yielded a clear picture of its potential role in development of the disease. We have taken a haplotype-tagging approach to variant selection, such that all common variation within the gene has been studied with relationship to risk of breast cancer. We did this in a clinic-based case-control study of breast cancer in 756 cases and 726 matched controls. Tagging methods are an efficient way to select and genotype a maximally informative set of common variants within a candidate gene [20, 21] . Complete assay of all the variation within a gene is not usually feasible, nor is it statistically efficient, because many variants are correlated with each other. In addition, some variants may be so rare that very few subjects within a study would be expected to carry it, making statistical conclusions impossible. Two commonly used methods of selecting representative SNPs from a gene are the method of Carlson [20] and that of Stram [21] . One of the major differences between the two methods is that the Carlson method does not require variants within a haplotype bin to lie contiguously on the strand Table 5 Associations of CYP19 haplotypes with risk of breast cancer based on SNPs selected using the LD-tag approach of Carlson [10] [11] [12] [13] [14] indicated a possible association with risk of breast cancer; however, because of the intronic location, it was considered likely to be due to linkage disequilibrium with a functional site within the gene or gene region. Within our resequencing data, this variation was in high LD with nine other variants, none of which are responsible for a codon change. Five of the nine variants were also selected by the HT-tag method, were genotyped and were examined directly for association with risk of breast cancer. The other three were located in Exon 3 (A240G), IVS5-16T > G, and IVS7-79A > G. Therefore, if the previously published results were truly due to linkage disequilibrium with a functional site located elsewhere, there is no evidence that the site was in CYP19. This VNTR was not associated with increased risk of breast cancer in our population. No association was detected when cases were limited to only those whose tumors were estrogen receptor positive, when stratified on menopausal status, or when limited to only invasive cases of cancer. Similarly, we did not detect any association with risk of breast cancer for nonsynonymous coding SNPs, or for variants in the UTR of exon 10. We examined both the C-T substitution (rs10046) previously reported to be linked to breast cancer by Kristensen [17] as well as a G-T substitution located 142 basepairs away (rs4646).
Another of our goals within this study was to evaluate whether the method of SNP tag selection influenced the results. Therefore, we systematically selected representative SNPs from the gene using two methods [20, 21] to determine whether a specific method provided greater insight into the gene and disease association. There were no differences in the scientific conclusions reached within our study. All of the variants selected by either method pointed to a lack of association between these variants and risk of breast cancer. We did, however, notice that the method of Carlson [20] was more variable in the number of SNPs as we modified the SNP selection parameters. For example, when we set the parameters to a minimum MAF of 0.02 (previously 0.05), and 90% (previously 80%) correlation within bins, the number of variants required to represent the majority of variation changed from 12 to 21.
One of the lessons from our analysis was that the residual correlation between haplotype-tagging variants justifies the analysis of risk for disease by common haplotypes. We had earlier wondered whether analysis of risk by haplotype would be necessary. However, each tag selection method selected a group of tag SNPs that were strongly correlated, making haplotype analysis relevant. Two of our variants selected by the LDtag method ((-628) and (596)) were 84% correlated. This is higher than expected as it exceeds the 80% correlation parameter used in the selection process. One possible reason for this is that the population on which our tag-selection process was conducted was not a subset of our own population. Rather, we used 60 Caucasian samples from the Coriell Cell Repository (Camden, NJ). This emphasizes the importance of checking residual correlations between SNPs within studies of this type. Study designs that use data from small groups of subjects available from public databases to select tag SNPs are at even greater risk of selecting tag SNPs that do not perfectly represent the variation within their own study population.
A major strength of this study is the complete gene resequencing data from which we selected our haplotype-tagging SNPs. This allowed us to investigate all of the common variation within this gene. Previous studies interrogated only a portion of the genetic variation within this gene. As mentioned earlier rare variants were not examined. Another strength of this study is the reasonably large population of breast cancer cases and controls within which we examined our hypotheses. With the sample size available, we had power to detect significant associations of 1.5 or greater, especially for allele frequencies above 10%. For the alleles on the lower bound of frequency (0.05), only OR of 1.69 or larger would have been detected.
A limitation of this study is the clinic-based nature of the cases and controls. Compared to the Iowa SEER data, our cases are somewhat younger than all breast cancer cases in the Iowa Registry. This is somewhat expected, as women who are very old are unlikely to travel to a tertiary center for care of breast cancer. Ductal carcinomal in situ is slightly more common in Mayo cases than in Iowa SEER, but there were no strong differences between the Mayo cases and the Iowa SEER cases for tumor stage and ER status. From this comparison, we believe that the breast cancer cases in our sample are reasonably representative of all the breast cancer cases in the general population of this area. Women included in this study were over 90% Caucasian, therefore these data are not generalizable to other population groups.
Another limitation of this study was the limited power to examine gene-environment interactions. Although we have thoroughly tested for evidence of the main effects of CYP19 genetic polymorphisms with regard to risk of breast cancer in this population, there may still exist interactions with environmental factors that have not been detected. Therefore we encourage others with larger sample sizes to examine the joint effects of this gene and environmental factors.
In summary, we conducted a case-control analysis of breast cancer using a comprehensive selection of tagging variants to represent the majority of the common variants in the entire CYP19 gene. We also examined risk among cases stratified by both menopausal status and limited to only those cases that were estrogen receptor positive. We found no evidence that variation in CYP19 is associated with risk of breast cancer.
